Abandoned underground mines in the Pittsburgh coalbed continue to be a source of pollution to over 48 km of streams in the Raccoon
Introduction
Abandoned, commercial, underground mines in the Pittsburgh coalbed have been and continue to be a source of degradation to over 48 km of streams in the Raccoon Creek Watershed. Efforts to characterize and abate the impacts of this mining legacy have been ongoing for almost four decades. In 2006, an evaluation of selected discharges with conceptual treatment approaches was developed that included the "ELF" System (BioMost, 2006) which had the potential to substantially reduce AMD impacts to Burgetts Fork for 5.3 km to the confluence with Raccoon Creek.
Raccoon Creek watershed is located in southwestern Pennsylvania in the Alleghany Plateau Province. The project is located near the Borough of Burgettstown on the Avella (PR1979) and Midway (PI1977) 7 ½' USGS topographic maps in Smith Township, Washington County, PA.
The study area includes both the main stem of Raccoon Creek and a major tributary, Burgetts Fork. Figure 1 shows the generalized flooding status of the abandoned Eire Mine, Langeloth Mine, and Francis-Patterson Mine and other mines surrounding the project area.
The current locations for the discharges in the Burgettstown area makes it difficult to treat the mine water. The "ELF" project proposes to move mine water via abandoned underground workings from the Francis Mine through the Langeloth Mine and then by siphon into the southwestern portion of the Erie Mine. The mine water would flow through underground mine workings and discharge at the easternmost extent of the Erie Mine via horizontal bores (see Fig. 1 ). If successful, the project would consolidate numerous discharges from the Burgettstown area and convey the mine water out of the borough to an area where the water could be treated.
The water level in the Langeloth Mine is over 3.4 m higher than the water elevation in the Erie Mine, which would provide the driving force needed to convey water from the Langeloth Mine to the Erie Mine should the "ELF" project be completed. In order for this concept to be viable under the conditions present, the hydraulic conductivity within the mines must be large.
In this project, water was either injected or withdrawn from the mines while simultaneously measuring the change in water level in the mine at two or more locations. For relatively large mine pools, the difference between the water levels at two observation points is considered inversely proportional to the hydraulic conductivity of the mine aquifer. In other words, if the water level difference is small during the injection/withdrawal process, then the mine is highly conductive; if the water level difference is large, then the hydraulic conductivity is low. 
General Methodology

Water Monitoring
In order to document conditions prior to conducting the mine pool response testing, water levels were manually measured for 16 piezometer, 90° V-notch weirs were installed and flow measurements were collected at the E1 and E1A discharges (Erie Mine), and the existing rectangular weir at the P7A discharge (Patterson Mine) was repaired and the flow was measured.
During the tests, several monitoring points were equipped with pressure transducers. These include the Mine Shaft (Langeloth Mine), piezometer 181-1 (Francis Mine), piezometer 181-14 (Langeloth Mine), and the P7A (Patterson Mine discharge weir). The effect of the pumping into Erie Mine (west) at EW1 was monitored at four locations: two observation wells/piezometers: EP1 (Erie Minewest), EP2 (Erie Mineeast), and two AMD discharges: E1 and E1A (Erie minewest). E1 is a culvert located under the Burgettstown football stadium and is suspected to be the primary outlet for the Erie Mine. E1A is a second culvert located next to E1 and is a surface/near surface stormwater/drainage facility related to the football stadium. Both culvert pipes were apparently installed during the construction of the football stadium (c. 2001). All except E1A were equipped with pressure transducers.
The transducers used in the ELF testing required the subtraction method. The units, called hobos, were manufactured by Onset Computing. Where high sensitivity was needed, model number U20-001-04 was used. It has a pressure range of 0 -4 m, an accuracy of ±3 mm and a resolution of 1.5 mm. In less sensitive locations, model U20-001-01 was used. It has a pressure range of 0 to 9 m, an accuracy of 5 mm and a resolution of 2 mm. The transducers made measurements in intervals of two, ten or fifteen minutes depending on the location and the degree of sensitivity appropriate for site conditions. In all, seven transducers were used simultaneously for both tests.
Drilling Program
As part of the drilling program, underground mine maps and surface conditions were evaluated to determine the most appropriate location for the injection and monitoring wells.
Injection and monitoring wells were installed on the west and east side of the Erie Mine. On the west side of the Erie Mine, injection and monitoring wells (EW1 and EP1, respectively) were installed on the site of a former drive-in theater (Drive-in). On the east side of the Erie Mine, the injection and monitoring wells (EW2 and EP2, respectively) were located near the terminus of the proposed horizontal bore holes. The drilling locations were staked in the field using a submeter-rated GPS unit at the Drive-In and subcentimeter-rated GPS unit in conjunction with an EDM survey on the east side of the Erie Mine.
Test 1. Raccoon Creek Withdrawal with Erie Mine (East) Injection
Methodology
Two Godwin CD103M diesel-powered pumps were used to convey water from Raccoon
Creek to an injection well (EW2). EW2 was drilled into an entry located on the east side of the Erie Mine at the approximate location of the proposed in-mine terminus of the horizontal bores.
One pump was used to convey water approximately 213 m horizontally and approximately 24 m vertically upward to a transfer pond, which can be seen in Fig In order to monitor the rate of flow during injection, an orifice plate, with a 152 mm diameter opening, was installed in a 3 m section of 203 mm diameter pipe placed horizontally just before Truck the water cascaded into the borehole. A manometer was installed upstream of the orifice plate along the centerline of the 203 mm horizontal pipe (See Fig. 3 ). In this configuration, a 267 mm backpressure on the orifice plate is equivalent to a flow of 32 L/s. The engine speeds of the pumps were adjusted until 267 mm of backpressure was achieved. Injection begun at 15:07 hours on 2/11/2010, continued approximately 24 hours and was shut off at 15:12 on the 2/12/2010. The water level in observation well EP2, about 12 m from the injection site (EW2), rose 3.1 m above the static water level in the mine. This head difference was needed to cause 31.5 L/s to move from the injection well (EW2) to the main entries on the west side of the mine. The water level in EP1 had a maximum rise of 91.4 mm.
Upon the termination of injection at EW2, the water level in the adjacent observation well (EP2) dropped 4.3 m in 12 minutes. This includes a drop of 1.0 m below the pre-test static water level in the mine. In addition, when injection was stopped in EW2, the water level at observation well EP1 (2,326 m away) fell 6.4 mm in the first two-minute period and an additional 36.3 mm in the next two minutes. The water level in EP1 dropped a total of 166 mm in 18 minutes, which was immediately followed by a water level recovery (rise in elevation) of 79.0 mm over a 22minute period. This fall and recovery behavior, although less dramatic, is similar to the water level changes that were observed in observation well EP2 at the injection site. This response is subtle, but visible on the hydrograph above.
Discussion
The data from this test are somewhat conflicted. Based on these results, there does not appear to be any significant restriction along the entries that connect EW2 and the mine discharge point (E1). The rapid transmission of head across a large distance both at the beginning and at the end of the test indicates highly-connected entries. On the other hand, 3.1 m of head was needed to inject 31.5 L/s at the injection well. This change in head at the injection well was very rapid at the beginning and particularly at the end of the test where the head dropped over 4.3 m in 12 minutes. This rapid decline suggests that the area of the mine that is under these high head conditions is limited in size. This would be consistent with the injection well location at the end of a set of double entries.
The second complicating factor is the significant, unknown volume of compressed air that was stored in the mine during the test and released when the injection was shut off. The reason for this unusual event is that the injection water that was cascading down the well entrained and compressed air. This compressed air was delivered to the mine where some vented out of the observation well. This venting was observed throughout the test. In addition to venting, some of the compressed air also displaced water in the vicinity of the injection well, thus pushing the water in storage further into the mine. When the injection stopped, the compressed air was free to vent out of the injection well EW2. This left a water level that was below the static level in the mine. Water then reversed flow direction in the mine to fill the lower water level at the injection site. The compressed air and displacement of the mine pool can explain the measurements at EP2 that dipped below static pool levels. In addition, some compressed air may have moved into the mine, further complicating the analysis.
Given the rapid drop in water level at the end of the test and the concurrent release of the compressed air in the mine, the high head observed at the injection site could be an artifact of the compressed air injection. There may be some localized restriction within the mine in the vicinity of the injection well but, even so, it is not believed to be sufficient to impair the operation of the Weirs E1 and E1A are adjacent to one another and it was thought that fluctuations of the Erie mine pool might be directly reflected by the discharge rate at both E1 and E1A.However, based on monitoring data, E1A was not measurably affected by Test 1.
Based on this analysis, the Erie Mine appears to be sufficiently transmissive to allow 31.5 L/s to flow from the proposed injection site on the west side of the mine to the east side, where it would be intersected and conveyed by the proposed horizontal bores.
Test 2. Langeloth Mine Withdrawal with Erie Mine (West) Injection
Methodology A 152 mm schedule 40 PVC pump suction line was installed into the Langeloth shaft, and the discharge was conveyed via a pipeline laid overland to injection well EW1, drilled into the The 76 mm pipe extended from the surface to below the pre-test static water level in Erie Mine.
This method proved to be successful and it was observed that an insignificant amount of air was entrained during the injection into Erie mine. The pipeline location is depicted in Fig. 1 .
Pumping began on February 23 
Results
Francis & Patterson Mine Pool Response from Langeloth Shaft Withdrawal
The effect of the withdrawal of water from the Langeloth mine pool was monitored at the Langeloth mine shaft, piezometer 181-14 (Langeloth mine), 181-13 (Langeloth mine) and 181-1 (Francis mine) and the weir at P7A (Patterson Mine discharge). The effect of this pumping was quickly observed at piezometer 181-14. This well was installed during a prior investigation and was still available for use. This well was selected because it was completed within a void (open mine workings), which was thought to provide a more rapid response to the pump testing. Figure 7 is a hydrograph illustrating the effect on 181-14 during pumping at the Mine Shaft.
Langeloth Mine Shaft withdrawal
In comparing this hydrograph with that of the shaft, the resemblance is evident; however, two differences should be noted. First, the starting water elevation is 308.6 m at the well compared to 311.7 m at the shaft, a difference of 3.2 m. Second, although the shape of the graph is similar, the magnitude of the fluctuations is reduced. The well shows a maximum drop of about 1.1 m while the shaft dropped 2.9 m. The ultimate goal of directing flow from the Langeloth Mine is to eliminate or significantly decrease the discharge from the Patterson Mine. The mine discharge is located very close to Plum Run both horizontally and vertically. The discharge pipe is inundated by the backwater of a 0.91 m rectangular weir. The overflow from the weir is only a few centimeters above the water level in the stream. Under high flow conditions, the weir readily becomes inundated.
A pressure transducer was installed at this site by laying it on the substrate behind the weir. Figure 9 is a hydrograph of the water level data after being converted to flow rate. It is evident from the hydrograph that the weir was inundated by the local stream due to snow melt on March 9 th and thereafter. The inundation of the weir effectively ended the pump test as it was not possible to measure a response to the pumping. Figure 9 . Hydrograph of P7A Weir (Patterson Mine discharge) (pressure transducer with 2-to 10-minute recording interval)
Two items of significance are noted. First, the manual readings do not match the transducer data. Second, the transducer data indicate a gradual reduction in flow from the Patterson mine.
The manual readings at this site are extraordinarily difficult. The water level is about 30 mm above the weir, the weir is at ankle level, and in a 0.91 m rectangular weir, 3 mm equals 1.3 L/s.
As a result, errors are possible even though great care was taken in reading the weir.
The transducer data were adjusted so that the early manual readings fell within the range of observations. This is how transducer data are tied to real world elevations. In the early morning hours of March 1 st , the transducer data deviated from the manual measurements. This occurred again in the late evening of March 3 rd and in the early morning of March 4 th . An enlarged section of Fig. 9 is shown in Fig. 10 to better see the decrease in flow measured by the transducers. Both changes were gradual and the second decrease was more gradual than the first.
This "rules out" the transducer being moved by a person or an animal. The fact that the water depth over the top of the transducer decreased is also significant. If the transducer had settled by gravity into the substrate, then the depth of water over the transducer would have increased.
Transducer voltage remained constant throughout these events. And the water temperature was 53.6 degrees except at midday when it rose to 53.8 degrees. A set of natural conditions has not been found that would explain the drop in water level recorded on the transducer. It may be possible that the transducer is experiencing drift, but it would be the first time in our experience with these units.
Based on this review, it is possible that pumping at Langeloth had an effect at the Patterson Mine discharge, but since the manual readings did not corroborate the transducer data, the effects of pumping cannot be confirmed. The injection of water pumped from the Langeloth Shaft into the Erie Mine at EW1 was monitored at observation wells/piezometer EP1 (Erie Minewest), EP2 (Erie Mineeast) and
at weir E1 (Erie Minewest).
Observation Well EP1 (Erie Mine -West)
The injection into Erie mine began on 2/23/10 at 11:34. At the beginning of the test, the pump was able to deliver 31.5 L/s. Later in the test, this capacity was reduced as the suction lift became greater. Based on these data, the 31.5 L/s injection only raised the water level at the injection monitoring well by 0.1 to 0.2 m. This low level of head is indicative of highly conductive entries between the injection point and the discharge point. The gap on 3/1/10 at 14:10 appears to be accurate. This is in the middle of a recording period, so it does not represent a change in position of the transducer. 
Conclusion
The following is a brief outline of selected conclusions based on the results.
(1) The Erie
Mine is open and is not expected to present any impediment to "ELF" project construction. (2) Both injection tests into the Erie Mine have demonstrated that the average 5 L/s Erie Mine discharge E1 can be controlled and is directly hydrologically connected to both the west and east injection sites, each with a probable flow path of about 1.6 km or more.
(3) The existing head in the mine is sufficient to overcome the injection head that developed at EP2 during Test 1. The magnitude of that head is likely an artifact of the unknown amount of compressed air that was Mines appear to offer resistance to flow.
Future Work
The following is a brief outline of future work proposed for further development of the "ELF" project. (1) 
